Abstract This paper is an attempt to predict the deposition in the Aswan High Dam Reservoir, in Egypt, in order to estimate the effective life span of the reservoir. A two dimensional numerical model (CCHE-2D) was implemented to simulate the sedimentation along a 150 km reach of the reservoir where most of the sediment deposits. During the course of this study, the calibration and validation of the model for flow and sediment deposition were executed during the period 2006-2007. A good agreement, between the observed and modeled results for the whole domain, was obvious. Confident with the obtained results, the model was further tooled to predict the sediment deposition in the reservoir during the period
Introduction
Many dams exist along the Nile River for various purposes. Noticeable was that, the sedimentation, within their reservoirs, reduce their capacity and their effective life span.
The Sennar Dam was constructed on the Blue Nile (Sudan) for irrigation purposes. Due to the sediment deposition over a span of 61 years, the reservoir has lost 71% of its original capacity.
The Roseires Dam was constructed on the Blue Nile (Sudan) to store water for irrigation. It lost 36% of its original capacity in a span of 28 years, EL-Sersawy and Farid [1] .
As for the Aswan High Dam (AHD), it created a reservoir behind it which is Aswan High Dam Reservoir (AHDR).
AHDR is the second largest man-made reservoir in the world. The a reservoir extends from the southern part of Egypt to the northern part of Sudan. The AHDR has a total length of about 500 km (350 km inside Egypt and 150 km inside Sudan). The reservoir was created after the commission of the Aswan High Dam ''AHD' ' (1964-1968) . The reservoir width depends on the water level; however, the average width of the reservoir is about 12 km. The water level varies between 152 and 182 m over the sea mean level. The AHDR storage capacity is 162 billion m 3 distributed as follows: -90 BCM: live storage capacity between level 147 m and 175 m.
-31 BCM: dead storage.
-41 BCM: storage for high flood waters between levels of 175 m and 182 m.
This study was thus initiated with the objective of predicting the deposition volume in the Aswan High Dam Reservoir in order to estimate its effective life span. This was achieved by:
Reviewing the literature related to reservoir deposition. Accumulating and analyzing data, choosing a study area and describing it. Defining the study area problem. Setting the study objectives. Planning the research methodology.
-Accumulating measurements.
-Simulating the reach under investigation. Analyzing the results.
Literature review
Primarily, the literature related to the field of depositions in reservoirs, was reviewed.
Based on the reviewed literature, clear was that the investigations that were executed to simulate and predict the sediment deposition in the Aswan High Dam Reservoir (AHDR), were concerned about two periods (i.e. pre-1985 period and post-1985 period).
During the pre-1985 period, investigators concentrated on collecting and analyzing field data to study the characteristics of the reservoir and to deduce relationships between flow and sediment load. While in the post-1985 period, researchers started to develop mathematical models to describe the motion of both water and sediment flow to simulate the water surface and bed profile in the longitudinal direction.
Among the researchers, that were concerned with reservoirs, were Hurst [2] , Shalash [3] , EL-Moattassem and Abdel-Aziz [4] and Abdel-Azez [5] and El-Manadely [6] .
Hurst [2] found that no coarse sand was present in the reservoir. He stated that 30%, of the sediment, by weight was carried as sand fraction, 40% silt, and 30% as clay fraction. Shalash [3] concluded that the average annual rate of sediment inflow was 130 million tons and the average annual rate of outflow was 6 million tons. Therefore, he stated that the average annual sediment deposition was 124 million tons. The deposited sediment was estimated to be 1570 million tons during the 15 year observation. EL-Moattassem and Abdel-Aziz [4] studied the sediment balance in AHDR during the period of May 1964 to December 1985. They estimated the deposited volume to be 1650 million m 3 . The calculated deposited volume from the hydrographic survey for the same period was 1657 million m 3 . Abdel-Aziz [5] and El-Manadely [6] developed a onedimensional numerical model based on the continuity equation, the momentum equation, and the sediment continuity equation to estimate the change in the river bed profile in the longitudinal direction. They concluded that the total volume of deposits accumulated inside the reservoir was 2650 BCM for the period 1964 to 1988. This value is nearly equal to the estimated deposited volume based on field measurements which had a value equal to 2760 billion m 3 . As a result of these two models, it was concluded that the AHDR cross sections are highly irregular, especially in the transverse direction and that the change in the water depth is large. They further recommended that there was a need to develop a new approach based on two-dimensional models in order to predict the sediment deposition in the transverse and longitudinal directions. For more researches, Table 1 is given to summarize the previous studies about the effective life span of AHDR.
Accumulating data and study area description
Data, about the AHDR, was accumulated and analyzed in order to perceive a complete data picture to the study area. The Table 1 Useful life-related-pervious studies on Aswan High Aswan Dam Reservoir.
Author
Year Conclusion
Russian Engineering [7] Prior 1964
Dead zone 500 years Ho-Khteef German Co. [7] 1970 Dead zone 750 years American Building Authority [7] 1970 Dead zone1000 years Abu EL-Atta [7] 1978 Dead zone 440 years Shalash [3] 1980 Sedimentation 1570 million tons during 15 years period between (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) ; dead zone 362 years Makary [8] 1982
Dead zone 408 year and total life 1580 years Dahab [9] 1982 Dead zone 310 years EL-Moattassem and Abdel-Aziz [4] 1988 Sediment 1650 million tons during 21 years period between (1964-1985) El-Manadely [6] 1991 Sedimentation 2650 million tons during 24 years Abdel-Aziz [10] 1997 Dead zone 311 years and live zone 1202 years NRI [11] 2008 Estimated that more than 6.285 billion tons AHDR has many reaches. Data were quite rare in some reaches while sufficient data was available to some reaches. It is to be noted, that based on the analyzed data a reach was chosen to be studied in this research. This reach had enough data to start the present investigation, therefore, it was chosen as the study area.
It extends between 500 km and 350 km upstream of HAD with a total length of 150 km, Fig. 1 .
Problem definition
Based on the accumulated and analyzed data, about the chosen study reach, it was noticed that the water bank of the AHDR in Egypt, contains the maximum amount of 162 billion cubic meters of renewable fresh water. More than 124 million tons of sediment per year is deposited in the reservoir. This reduced the reservoir volume.
It was also noticed, that most of the sediment deposited in the Sudanese part (i.e. 82% of the total sediment deposited in the Sudanese part and 18% is deposited in the Egyptian part), Makary [12] .
The sediment deposition took place upstream AHDR, Fig. 2 . The thalweg path during the period 1964-2003, is also given on this figure.
Observations show that the thickness of the deposition layer has exceeded 60 m within the last 40 years at the entrance of the reservoir, Fig. 3 .
Setting the study objectives
Based on the reviewed literature so as the analyzed data, the present study was initiated and the objectives were set. These are to:
1. Simulate the flow of water and sediment in AHDR using a 2-D model. 2. Predict the development of the delta growth in the reservoir during the period 2009-2014.
Planning a study methodology
After setting the objectives of the present study, the study methodology was planned.
It was planned to accumulate measured data by different authorities (i.e. High Aswan Dam Authority (HADA), Nile Research Institute (NRI), National Water Research Center (NWRC) and Ministry of Water Resources and Irrigation (MWRI)). These data were bed levels, velocities, discharges and suspended sediment. These data were collected at fixed sections. These stations were along twenty cross sections. They were chosen to cover the entire study area.
It was further planned to use the accumulated measurements to simulate the reach under investigation so as to analyze the results of the simulations and predict the sedimentations. These are discussed in the coning sections.
Accumulating measured data
The collected data described the bathymetry, hydrology and sedimentation in the study reach.
As for the bathymetrical data, it described the geometry of AHDR. It was obtained from contour maps, produced by the hydrographic survey of the reservoir.
The channel geometry presented by Easting, Northing, and Elevation (E, N, and Z) was used for the mesh generation. The coordinates of the mesh were referenced to the WGS84 ellipsoid with Universal Transverse Mercator (UTM) Projection. In this study, the bathymetric data from the hydrographic survey of year 2006 of the AHDR was used. 180  170  160  150  140  130  120  110  100  90  80  70  60  50  500  450  400  350  300  250  200  150  100 
Predicting the deposition in the Aswan High Dam Reservoir using a 2-D model
Regarding the hydrological and hydraulic data (i.e. stage and flow hydrographs, stream velocities, and rating curves), they were obtained from different sources.
These data are required to establish the initial boundary conditions for the numerical simulation. These were split into a calibration and validation dataset during the period from January 2006 to February 2007. In this study, the records of discharges at entrance of AHDR were used as upstream boundary condition for the model. In addition, the water level hydrograph upstream AHD was used as the downstream boundary condition for the study area, Fig. 4 .
As for the sedimentation data, it was accumulated from different sources. Dongola Station was selected to obtain suspended sediment data.
The suspended sediment data available for the period 1966-1982 were used to establish a rising and falling stage rating curves for AHDR allowing for seasonal effects relating to the rising and falling stages.
The following equations were used for estimating the suspended sediment hydrograph at Dongola Station:
(i) For the rising stage, the sediment discharge hydrograph is as follows:
(i) For the falling stage, the sediment discharge hydrograph is as follows:
where Q is the discharge in million m 3 /day and Q s is the sediment load in 10 9 kg/day. By applying these equations, the suspended sediment concentration hydrographs, at the inlet boundary of the study area of the reservoir, was estimated for year 2006.
Simulating the reach under investigation
In this study a depth-integrated 2D hydrodynamic and sediment transport model, CCHE2D, was used. The model can be used to study steady and unsteady free surface flow, sediment transport, and morphological processes in natural rivers and reservoirs, Jia and Wang [13] . The efficient element method is applied to discretize the governing equations, and the time marching technique is used for temporal variations. The moving boundaries were treated by locating the wet and dry nodes automatically in the cases of simulating unsteady flows with changing free surface elevation in channels with irregular bed and bank topography. Two eddy viscosity models, a depth-averaged parabolic model and a depth-averaged mixing length model, are used as turbulent closures. Channel morphological changes are computed with considerations of the effects of bed slope and the secondary flow in curved channels.
Regarding the used equations that governed the hydrodynamics of the reach under investigation, it is to be first mentioned that most open-channel flows can be treated approximately as shallow water. This is attributed to the fact that the effect of vertical motions is insignificant. The depth-integrated 2D equations are generally accepted for studying the open-channel hydraulics with reasonable accuracy and efficiency. The depthintegrated 2D momentum equations for turbulent flows in a Cartesian coordinate system are obtained by vertically integrating the 3D Reynolds equations, as follows:
where u and v = depth-integrated velocity components in xand y-directions, respectively; t = time; g = gravitational acceleration; g s = water surface elevation; p = density of fluid; h = local water depth; s xx , s xy , s yx , s yy = depth-integrated Reynolds stresses; and s bx , s by = shear stresses on the bed. The shear stress terms at the water surface are dropped because the wind shear effect is not considered in this version of the model. Free surface elevation of the flow is calculated by the continuity equation
where A = area of the central cell in an element; s = length of a segment along a curved boundary of the cell. The Reynolds stresses in (3) are approximated according to Boussinesq's assumption that they are related to the rate of the strains of the mean depth-averaged flow field and a coefficient of eddy viscosity
where i, j (=1, 2) represent x and y, respectively. It is well known that eddy viscosity is a function of the flow, and it can be related to the flow properties in different ways. Zero equation models are efficient in computation, whereas more sophisticated high-order models such as the depth-integrated k-e model, Rastogi and Rodi [14] often produce more accurate results at the expense of more computing time. Two zero-equation eddy viscosity models are available in this version of the CCHE2D model. First, the eddy viscosity coefficient v t is calculated using the commonly used depth-integrated parabolic eddy viscosity formula
where U \ = shear velocity; and j = von Karman constant (0.41). A xy is an adjustable coefficient of eddy viscosity; its default value is set to unity, and it can be changed by users. The second eddy viscosity model is the depth-integrated mixing length model 
The depth-integrated velocity gradient is obtained from
This term is introduced to account for the effect of turbulence being generated from the bed surface. The eddy viscosity defined by (7a) would be zero in the uniform flow condition without this term. In this formulation, the eddy viscosity shall be the same as that of the uniform flow in the absence of other terms. Assuming the flow is of logarithmic profile over the depth, the velocity gradient in terms of vertical coordinate z is integrated vertically to obtain the depth-averaged vertical gradient, which is represented by (7c). C m is a coefficient assigned to be 2.34375 so that (7a) shall recover (6) in the case of a uniform flow in which all the horizontal velocity gradients vanish.
As for the mesh of the present simulation, it was generated to execute a successful simulation. The mesh was carefully prepared, so that the following concerns are taken into consideration:
The interested zones have sufficient resolution. Transition between areas of different mesh densities is smooth. Inlet and outlet should be sufficiently far away from the zones of interest. The mesh should be smooth and orthogonal as much as it allows.
The generated mesh was used to represent the computational domain and to discretize the governing equations.
A mesh composed of 41 by 1202 lines (I&J), was generated and used in this study ranging from 130 to 430 m in mesh size Figure 6 Water surface profile at the study area. spacing and almost 49,282 nodes, representing the study reach of 150 km. The dense mesh lines are distributed in the main channel and where high curvature is present. The bathymetry of the channel can be better represented in this way, Fig. 5a and b, respectively.
Regarding the calibration of the water levels and velocity distribution, they were performed for the period in which most observed data were available.
Inflow discharge, water elevations, and velocities of flow were considered to select a time period for the model calibration. The boundary condition data of the study reach during the period January 2006-February 2007 were used for the calibration of the hydrodynamic (CCHE-2D) model.
As for the used boundary conditions, the records of discharges at entrance of AHDR were used as upstream boundary condition for the model. In addition, the water level hydrograph upstream AHD was used as the downstream boundary condition for the study area because there is no gauging station at that place. Also, it is a reservoir part so there is only a little difference in the water level between the end of the study part and the water level upstream AHD. A roughness coefficients (Manning's n) = 0.025 was used for the whole domain. Fig. 6 shows the average water surface profile and it is clear that there is good agreement between the predicted and the measured one. The average velocity ranges between 0.48 m/s and 0.18 m/s along the study area with maximum value of 0.79 m/s at cross sections 19, 16, 8 and 3 at 466 km, 448 km, 403.5 km and 378.5 km from AHD, respectively. An example of both measured and modeled depth-averaged flow velocity profiles for cross-sections (16 and 3) at 448 km and 378.5 km upstream AHD respectively is shown in Fig. 7 . It can be clearly seen that there is an acceptable agreement between the hydrodynamic model results and the field measurements for all sections. It is very important to measure statistically the ability of CCHE-2D as a prediction tool. Fig. 8 shows a comparison between the measured depth averaged velocities and the predicted ones with correlation coefficient R 2 = 0.70. Regarding the model validation, the sediment transport and bed morphologic change were simulated with unsteady flow conditions. 
Analyzing the simulation results
The model was run and simulations were executed. Model results were obtained and analyzed from which, it was concluded that the observed and predicted velocity magnitude and distribution are in good agreements for the whole domain with a small overestimation in the first cross section and small underestimation on the last two cross sections in the reservoir. The flow in the reservoir is highly three dimensional, affected by wind, depth, temperature and transverse topographic irregularity. The predicted 2D results will have higher level of error when approaching to the reservoir.
The bathymetry data for 2006 were used as initial bed elevation; grain size distribution and suspended sediment discharge for the study area are used as boundary condition for 1 year (from January 2006 till February 2007). The discharge hydrograph for 2006 at AHDR and stage hydrograph at AHD for 2006 were used as boundary conditions. Zang [15] sediment size distributions have been specified according to measured sediment sizes, avg. D 50 = 0.0001 m. Sediment transport formula [16] for bed load and suspended load were applied, and the adaptation factor for the suspended load and adaptation length for the bed load were set 0.1 and 1000, respectively.
The bed levels at 2007 have been computed and compared to the field measurements at all sections. Three examples for the studied sections have been presented. It includes sections (13 at 431 km upstream AHD, w-w at 386 km upstream AHD and 26 at 357 km upstream AHD) as shown in Fig. 9 , respectively. There is an acceptable agreement between the numerical model outputs and the measurement data at the different cross-sections. Fig. 10 shows a comparison between the measured cross sectional area and the predicted ones with correlation coefficient R 2 = 0.88. This indicates that the model is well calibrated, and provides confidence that the model can reproduce sediment concentration for real-time simulations of large scale problems. A good agreement between the measured and predicted cross-sections was evident although some differences (overestimation) are observed at the first cross section due to some morphological changes at the upper reach that is not included in this study. Slight differences at the last two cross-sections were also found due to underestimating the velocity magnitude. The error in general is less in the channel part than that in the reservoir. This might be due to uncertainty of the flow condition of the reservoir.
Predicting the sedimentations
The last step in model application is cross section prediction. This part is very important for any future studies 
Conclusions
Based on the above, the following conclusions are given:
The implemented two-dimensional hydrodynamic and sediment transport model (CCHE-2D) could be used to predict sediment transport, channel change and delta migration.
The modeling approach proved to be a useful tool to monitor future water flow and sediment deposition in the reservoir. This approach is very important for the operation plans and maintenance of the AHDR.
Recommendations
The following are also recommendations for future researches:
Better data should be collected; especially for velocity distribution, wind speed and bed load. Different scenarios could be developed based on the future climate predictions for the region, and/or based on changes in sediment production and sediment delivery to the main stream. It is clear that changes in the watershed and stream management upstream will have a profound impact on the discharge and the sediment load entering AHDR. Watershed models, which link the sediment production and delivery in the upstream catchments to the sediment transport and deposition in the river channels and reservoirs, will allow us to predict the future behavior of AHDR. Future upstream engineering projects should be studied for its effects on the amount of water discharge and sediment deposition in the AHDR.
